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WATERTOWN ARSENAL LABORATORY

MEMORANDUM BEPORT NO. WAL 710/624

Final Repors on Prodlem B.L 29

*

2b April 194k

Motallurgical Hxaeination of 4.5" Thick

Rolled Homogzgeneous Armor Flate ; ﬁ
ABITRACT ¢
-
Metallurgical examination, including fracture tests for ; A
steel scundness, hardness traverse, Jominy hardemad®ility test, i “
chemical aralysas, Venotch Charpy impact tests, macroseopic ! o
I and microscopic examination, was made on four plutes Sested o
at the Ordnance Research Conter on a program for the develon- —
ment of LU" and 5" thick armor plate. Two plates, 4 gnd 5" | -
thick, were submitted By the Carnegle-Illinois Sueel Corp. , o
whereaus one 4" thick plate was submitted by the Pary Armor -
Plate Flant and one plate of the same thickness was submitted : 5
by the Graat Lakes Steel Corp. All plates were of satisfactory . S
steel soundness. |
i -
The hardenability of the Carnegie-Illinois eomposidions i ﬁ
was adequate for the %" thick plate involved but the harden— i .
ability of the Gary Armar Plate Flant and ths Grea® Lakes Steel f -
Plates was lnadequate for the mmufacture of satisfastory 4® thick | Y
Plate. The hardness of the plates investigateé was uniform across \ .
: the sections, - o
L‘__ 1, As requested by the Ordnance Rassarch Center, Aberdeenl, :i
Q}}ﬂ eetallurgical examination has been compicted on four (4) samples cf o
g{i{ homogeneous rolled armor plate varying in thickness from U-5% 5¢ T
- @ deecribed below: -
BN 1. 4APG 470.5/L675, Wen W70, ?_[7194@7.(5)&,’ ﬁed 2l February 1944, T j
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A. Sample No, A - L" t-ick, Gorv Armor Plnte Flant. Tris
plate was accantabls unier Spaecilicet!sn AXS. URR, Revisinn 1 but failed
to meet tha requirements of S5pecification AXS-LBB, Revision 2 since it
gave an excessive exit dlameter (without spalling) on the 90 mm, A P M77
projectile-through-plate test - AFPG Report No, Al2R6M,

b, Sgmple No, B - &" thick Carnegle-Illinodg plate. Thise
prlates had good ballistic propevrties under the impncte of T5 mm, M72 4 F,
and 90 mm., M77 A.P, projectiles at normal obliquity - AFG Report No, A12353,

¢, Sample No, C - U* thick Carnegie-111inois piatg. This
plate had good ballistic propertice under the impacte <f 75 mm, M72 AP,
and 90 mm, M77 AP, projectiles at normal obliquity - APG Revort No,
A12353,

4. Sample No, D - 4" thick Great Lakes plaje. This plate
wat tested under Specification AXS-.L88, Revision 1 and AXS-U8Z Raviesion 2.
The plate at 207 Brinell hardness gave excessive exits (without back
epallin:) under the 90 mm, A,P, M77 projectile-through-plate test - APG
Report No, Al2%63,

2. Metallurgical emminetion consisted nf the following tests.
a. Chrenlcal analyses,

B. TFracture tests Tcr steel moundness.

€. Jominy hardenabillty tests,
4. Hardress traveree,

e, V-nntch Charny imnact tests,
f. Mscrascopic examinstion,

£. Wereecoptc exanination,

1, The regulte ~f the ntove tests in deteil ¢re "rererted below:

A. Chemical Anglyecs.

The chemical analyses are reported in Table I,
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The Gary Armor plate No, A and the Great Lakes plate No, D
are low alloy type steels treated with boron whareas the R* and L" thick
Carnegle-Illinois plates Vo, B and C are high alloy plates which were
not treated with the element boron. The amount of boron in the plate
manufactired by the Great Lakes Steel Corporation is slightly excess!ive
for best results from the point of viaw of toughness of the steel.

b. Fracture Tesy for Steel Soundnesy.

Fracture test samples, avproximately 8" leng and 4-5" wide,
were cut from the transverss direction of the plates, nickad perpen-
dicularly to the longitudinal axis to such a depth as to leave a = 1lid
saction 1" 1n width and droken slowly under a preass, This additioml
notching, which was necessary due to inadsquate lengths of the samples,
provided additional stress concentrations, thereby promoting greater
tondencies to form crystallinity in the samples tending to produce
brittle fractures,

The steel quality of samples A, B and C was satisfactory, .
in fact, these samples had a "B" rating as specified in Speeification ’
AXS-L88, Revision 2. Sample No, D exhibited a crystalline fracture
and, therefore, the steel quality could not be determined in this
particular sample,

: Sanples were not avallable for the fibre fracture test, »
therefore, thae fidbre fracture ratinrgs were made on the fractures for {
: steel goundness as followes .
Plate -
No, Manufacturer Fibre Test '
A Gary Armor Predaminantly fibrous, patches of crystallinity .
;{y B Carnegie-I11linois Fibre E
- C Carnegie-Illinois Fibre "
':;j D Grast Lakes Crystalline :
N ¢, Jomin b4l Tests b
‘e - "
: The Jominy herdenavility curves of the four ,lates are
- shown in Figuree 1 and 2,
; Since these Jominy bars were siven a long austenitization i
o treatment (identical with the manufacturer's heating evcles), 1t was -
% necessary to grind the bars to a depth of ,050" in order to obtain the
! trus hardness readings, g
. %i; : The results of the end quench tests are tabulated in -
e Table II. ¢
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Table II

Regulte of End Quanch Tests

Rockwell C Hardnsas Denth of
Sample No, 116" 20/1h" Lo /16"

A

L
4" Gpry Armor 52.0 49,0 g0
B 56.0 53,0 52.0
5" Carnegie-I1llinole A -
. 56.5 53.0 53,0
4* Carnegie-Illinols 20 .
D 53.0 50.5 45,0

L* Great Lakes

The differsnce in the hardness levele betwesn the and
quenched Carnegle-Illinsic mamples, the Cary Armor, and the Great Lakes
Steel test bars is due to the lower carbon content of the latter two,

A survey of the Jominy cnrves nnd the data in Table II indieates that

the Carnepie-Illinois samples, Nos, B and C have axceliant hardenability.
Xesentiully full hardenins is maintained at the slow 6noled end of these
Jominy bars, reference the martensitic structure im the serlies of photo-
microsraphs attached to Figures 1 snd 2. This indicates that with reepect
to quench hardenine or tranafrrmation to the high temperature transformation
products of ferrite and vearlite, these analyses would be satisfactory in
thicknesses up to at least 4" t» 5" upon water aquenchin-,

Although the Jominy curve of Garyv Armor vlnte No, A indicates
satisfactory hardenablility, microscopic anelysis of the alr cooled end of
the bar indicates a transformation nf the austenita into snme intermediate
tenperature transfcormation products, see Figure 1. This i{ndicates that
the alloy content of this plete 18 such that objectionable intermediate
tempersture transformation products would be obtained 4n the center of
a 4" thick plate of this composition., These constituents were found in the
tempered condition in the sample of the plate submitted, see Figure €,

The Jominy curve of the Great Lakes Stesl Cor:oration plate
No, D shows a decrease in hardness from 20/16" to UD/16, This is
correlated with a greater amount of intermediate temperature transformation
products at the slowly cnoled end of the Jaminy bar than found in the
Gary Armor sample, TFurtherm .re, a microscoplic study, of thie bar shows
the presence of some carbice at the quenched end and alss a$ BO/16",
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. The results of thia tast iniicatez that the Great Lakew conpnettion

S has inadequate hardenability for the manufacture of 4" tnick plate.

. It should be noted that a larre amount of temperad intermediate

traneformation products were evident in the sample of the Great lakes :
plate, see Fipura 6,

d. Brinell Hardness Survey.
The resulta of the h;rdnesn surveys made on c¢ross sections
of the sanples are summarised in Table III, The seriee of individual )
hardness readings are given in Table 1A in Appendix A,
Tgble 11T
Summary of Bringll Hardnees Survays .
n
Averace Brinell Hardness Values Reported
Series Seriesn Series by A
Plate No, 1 2 3 Mfger, £
A - 4" Gary Armor 256 255 255 255/2h9 ;
B . 5" Carnegie-Illinols 243 2Ll 243 - L
C - U Carnegte~I1linois 229 229 230 — g
) D - 4* Great Lakes 207 207 207 229/2k1 E
As noted in the above table, the herdness values are :
uniform on the cross sectlona of each individual plate. "

"he hardness of the Tarv Armor plate No, 4 as obtained in
this laboratory agrees v-ry clorely with that reported by the manufacturer.
On the other hand, the hardness values reported by the Great lakes Stsel
Corporation on plate No, D were 22-34 points higher than those deternined
at Watertown Arassnal,

a, vy

No hardnese readings were reported by Carnasie-illinoie
Steal Corporation on plates, Nom, B and C,

[ T

e, Vonotoh Charpy Impact Tests.

The remilta of the V-notch Charpy impaet tests are given
in Table 1V,
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Tabls 1V

Vepnotch Charpy Impact Tagte

Pont - Pounda

Ave,

Brinell

— Plate No, +J09F *Fracturs -UOOF *Freeture Hardress
A - 4* Gary Armor hé,9 Pc 23,k Ca 256
B - 5" Carnegle-lllinois 58,3 P 58,2 r 2k2
C - 4" Carnegle-~-Illinois 63,0 F 52.9 F 229
D - 4" Great Lakes 68.5% Fc 2.7 Cd 207

*Fracture

Fc - Fibrous, mixed with spots of crystallinity
F - Fibrous

Ca - Dull crystalline (complete)

The considerable shangee in impact values of the Jary Armor
and Grest Lakes Steel meteriale with a lowering of the test temperature
correlate with the tendency towsards brittle fallures observed in the
fracture testea, The prasence of !ntermediate temparature trans’ormation
rrodugts upon quenchine, as revealed by the Jominy ond-quench test resulte
and by the microecoric exsminstior of the heat treatsd siructures, is
undoubtedly the cguse o this undesirahle behavior, Cn the other hand,
high impact values were retained in the nickel-chromium stse) Dlataas at
the -ULOOF tempersture, correlstines with the fibrous frastures and the
absence of intermediate or hish temperature transforuation products
found uporn. guenching. The Great lakee Stsel plate, 1f of satisfactory
microstructure, would yleld considerably hizher impact valuzs st the
low hardness involved,

f. Mperostructure

The macrossructure of the loneitudinal and transverse
sections of the plates after etching in hot acid is showa 4m Figure 3,

The Gary Armor plate No, A and the Great Lakes plate No, D
are fairly frme from segresations whereas the Carnegim-lllinois plates,
Nos, B and C contain rome segregmtions of nonmetallic inclusions.

The pattern observed in the macroetched sestions of both
Carnegie-Illincis plates imdicates that these plates were finished under
a forging pranme,
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Fro*omicro: raphs 41llustrating the distribatisn of the non-
metallie inclusions and elso the typlcal micyostructures of the plates
are presented in Figures L, §, and 6,

With the excertion of the 5" and U" thisk Carnesie-Illinois )
plates, Nos. B und C, the {lmtes examinrd were free fr.m pronounced
segragation of nonmetallic inelumions,

A geries of fine oxide-guiphide groups of nonmatall‘c
inclusions wes presvent ip the longitudinal nmection of the " thick “
- Gary Armor plate No, A while an occasional group of alurina incluelons I
o was present in the traneverce section »f the plete, The mesregation ‘
X revealed 1n the macrostructure cf the 5" trick Carnesie-1114nole plete .
- No, B consisied of complex oride-esulphide inclusions wheress oxice .
dnclueion etreake were found im the 4" thirk rlate Yo, €, wernufactured
; by the same company. Considerable amounts of zcatiered fire oxides
. nixed vwith zirconinm-nitride inclusions were Lresent im the u" thiek -

ﬁ Great Lekes plate Yo, D, )
f The microstructure of the L" thick Garr Artor plats No. A .
consieted of fine tempered intermediate ard low temrerature transformation
o products and an occasional ferrite-carbide grain boundary s zrapate. Thae
- 5" and 4" thick Carnesie-Illincie plates, MNos., B and C hed r ricrostructure

conelstine of tempered low temperature transformaticn nroducts ard a
trace of ferrite, Tempered intermediate temverature trersformation .
products, ferrite and occaslonally some sphercidized carvide, vere evident -
in the microstructurs of the 4" thick Great Laves plete “o. D.

NOTE: Fhotomiorographic work esnducted by M, Yoffa.

L, Correlations were erngsblighed between the fibre characieristics,
V-notch Charpy values anrd the microstructure of the plates, The low .
temperature transformation products detected in the hish alloy .
Carnegie-Illinois plates B and C appear to have falrly .4 V-notch )
impact properties and yleld a fibrous fracture. On the other hand, the .
low alloy plates manufacture? by the Gary Armor Plase Plant and the ’
e Great Lakes Steel Corporation hmd poor V-notch impact prorerties, ,
S _ especially at sudt-zero temysratures which wers associsted with crystal- n
® 1ini%y in the fracture test and intsrmediate tenpersture transformation
products.

:}: . The Carnegis-Illinois compositiun had adequate hardenadbility
o for U-5" thick armor whereas the Gary Armor and tho 'sresl iakes Steel

‘ 5. Corporation analyses contained ineufficient al loy for the necessary
@ hardenability for 4* 4hick plate.
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The Brinell hsrdness of the fonr nlates was uniform across the

R section and variad from plate to plate as follows, Gary Armor - 255 Brinell
: Carnegle-Illinols, 5" %thick - 2U2 Brinell, Carnegie-Illinsisg 4" thick, :
229 Brinell and Great Lakem, L™ thick, 208 Brinell, i

E. L R7ED :

. Regearch Metalluresist
- APPEOVED:
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MACROSTRUCTURE OF 4" — 5" THICK ROLLED ARMOR PLATE
14 MARCH 1944 WIN, 780~-2209
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Three series of Brinel)l hardness resadings were made on the cross ' ;f‘:.-_
pectiony of the four samples at intervals of about one inch apart. T
The values are reported in Table 1A, -
g
Tabla 1A : e
Plate A Plate B Plate C Plate D "'1
4" Gary Armor 5" Carnegie-Illinois U Carnegie~Illinoils L" Great Lakes —
Trgverse Traverse Traverge Traverse Tl
A2 3 A 2. 3. AL 2. 3 A 2 A O
255 255 255 241 235  2U1 235 235 235 207 207 212 N
255 255 255 241 24l 241 229 229 229 207 207 207 A
2ug 248 2ug 235 235 235 223 223 223 207 207 207 e
262 255 255  2u8 248 2L 229 229 235 207 207 207 T
e
562 262 262 248 2ur  2Lg 229 229 229 207 207 807 S
Ave. 056 255 255 243 241 243 229 229 230 207 207 207
Grand Ave, 255 2u2 229 208
o
- .
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